Introduction
Lost circulation is a common drilling problem in highly permeable formations, depleted reservoirs, and fractured or cavernous formations. Lost circulation problems may occur from shallow, unconsolidated formations to deeper, consolidated formations as a result of fracturing of the wellbore wall from high pressure applied by the drilling mud [1] . Lost circulation may be the reduction or absence of mud returns. The industry spends millions of dollars every year to combat lost circulation and its associated detrimental effects such as non-productive time (NPT) on the rig, stuck pipe, blow-outs, and less frequently, the abandonment of expensive wells. This paper shows the application of develop a model for mud loss volumes within the Hartha formation in the Rumaila field in Iraq. The resulting model is compared to models developed for the Dammam and Shuaiba formations in the same field [2] . The study summarizes mud loss and lost circulation information extracted from drilling data from the Hartha formation and the lost circulation screening criteria developed for this formation, based on the historical mud loss and lost circulation problems. Three mathematical models have been created to stop or mitigate the problems, and potential solutions found by this study. The lithology of the Hartha formation is limestone. The properties of this limestone is mudstone, occasionally wackestone to grain stone, white, light gray to gray, occasionally pinkish gray, fine crystalline, no visible porosity, argillaceous, occasionally glauconitic, chalky in place no oil show.
Lost circulation events are categorized according to the total volume of fluid lost during the event. The volume of mud losses depends on number of factors, including formation properties, drilling fluid properties, and formation breakdown pressure. The categories of losses have been described as follows, depending on the volumes of mud losses and thief formation. The Hartha formation will be prone to all kinds of the drilling mud losses [3] .
Hartha Formation
The Hartha formation is the second zone that is usually prone to lost circulation problems. Mud losses in the Hartha formation are more complicated than Dammam formation. This zone is deeper (formation top 11660 m), and it is located below transitional zones like Tayarat and Ummer-Radhuma zones which have abnormal pressures and H 2 S flow. Figure 1 shows the borehole and well construction typical of a well drilled in the Rumaila field at the time the well passes through the Hartha formation. 13-3/8" casing has been set and most commonly a 12 ¼" bit is used to drill through the formation. The Dammam formation has been drilled and is exposed open hole while the Hartha formation is drilled. A lost circulation event is shown near the bottom of the open hole in Figure 1 , but it is possible to have losses simultaneously the Dammam and Hartha formations, or only losses in Hartha as it is drilled. Field methods used to drill Hartha are similar to those noted for Dammam, i.e., reduced WOB, RPM, SPM; adjusting mud properties; slow are careful removal or insertion of drill pipe to avoid surging, and breaking gel strength with rotation [4] . function of MW, ECD, and Yp. Figures 2-4 show the leverage plots for MW, ECD, and Yp respectively. MW, ECD, and Yp are the significant parameters for the volume loss model. This suggests that it is possible to estimate the mud losses using the previous three parameters. ROP Figure 5 shows the actual versus the predicted mud losses. The R-squared of this model is 0.719; however, the adjusted R-squared is 0.709, which is a modified version of R-squared that accounts for the number of independent variables and should be used for the multi-liner regression [6] . Figure 6 shows the residual plot for the volume loss model. If the points in the residual plot are randomly distributed (no trend is shown), the linear regression model is valid; otherwise, a non-linear model should be used [6] . The points in the residual plot are randomly distributed, this confirms that a linear regression model is appropriate for the data.
Methodology
Lost circulation events were identified for more than 100 wells discussed in this comprehensive statistical study, according to the formation and depth. Drilling parameters which are known to have the greatest impact and the lowest influence on lost circulation, and readily adjusted during the drilling operations were tabled for analyses. This section presents samples of the wells data, including the number of wells analyzed for the Hartha formation. These data have been analyzed to determine ranges for the key drilling parameters and mud properties that have the greatest chance of avoiding or mitigating lost circulation in this formation. Actually, all these real data precisely collected from various daily drilling report (DDR), final reports, and technical reports. A broad statistical work has been made to determine which drilling mud properties and operational drilling parameters that have a pivotal influence on lost circulation (Al-Hameedi et al., 2017). This extensive study shows that all mud weight (MW), equivalent circulation density (ECD), yield point (Yp) have a direct impact on lost circulation whereas SPM, RPM, ROP, WOB and bit nozzles directly or indirectly effect on this problem [3] .
Statistical analysis was carried out to develop models for volume losses, which also requied development of models for ECD and ROP. The volume losses, ECD, and ROP are influenced by multiple parameters. Therefore, a simple linear regression model cannot be applied as it can only have one independent variable for one dependent variable [5] . For the previous reason, multi-regression models were established for the volume losses, ECD, and ROP. Multi-linear regression models allow multiple independent variables for one dependent variable [5] . All parameters are tested to determine the magnitude of the effect on the volume loss, ECD, and ROP models. A confidence level of 95% is used to test the significance of each parameter. Thus, any parameter with a p-value greater than 5% will be ignored in the model and vice versa. Sensitivity analysis was also conducted for the volume loss model, ECD model, and ROP model, to examine which parameter has the highest influence in each model and to test the effect of every parameter in all models [2] . This paper builds upon work in the Dammam formation to control on the mud losses in the Hartha formation [3] . Applying that methodology results in varied mathematical models due to the differences in input data. The construction of the mathematical correlation significantly relies on depth, lithology, drilling fluid properties, and operational drilling parameters. While the models are in the same form, the coefficients vary greatly from one formation to another.
Volume Loss Model
Multi-linear regression was performed for the volume loss as a good estimation for the ECD in Hartha formation. Figure 10 shows the actual versus the predicted ECD. The adjusted R-squared is 0.890 ( Figure  10 ). Figure 11 shows residual plot for the ECD model. No trend is observed in the data; this suggests that the linear model is valid for this data. Variance Inflation Factor (VIF) test is used to test for the multicollinearity phenomena in the volume loss model. Montgomery suggested that if VIF is greater than 5 or 10, then the regression coefficients are poorly estimated due to multi-collinearity. Table 1 The results of the sensitivity analysis that was conducted for the volume loss model showed that ECD is the most effective parameter in the model of volume loss then MW comes after. Also, the mud losses are least influenced by the Yp, but Yp is a significant parameter and it should be included in the model as it is proven by the statistical analysis.
Equivalent Circulation Density (ECD) Model
A multi-linear regression was performed to estimate the ECD based on MW, ROP, and flow rate (Q), which were shown to have the largest influence on ECD. Figures 7, 8, and 9 show the leverage plots for MW, ROP, and Q respectively. A model for ECD was developed based on MW, ROP, and Q, prior drilling the Hartha formation, and is shown in Eq. The ECD calculated using Eq. (2) can be used as an input for Eq.
(1) (volume loss model), since the actual ECD is a function of drilling parameters which may vary between drilling operations. Eq. (2) gives a 
Rate of Penetration (ROP) Model
Because the ROP is affected by multiple parameters, a multi-linear regression was conducted to estimate the ROP in the Hartha formation. The drilling parameters which have significant effect on ROP are RPM, SPM, and WOB. Figures 12, 13 , and 14 show the leverage plots for these parameters respectively. Figure 15 shows the results of the actual versus the predicted ROP, with an adjusted R-squared of 0.967. Figure 16 shows the results of the residual plot for the ROP model. The data are scattered, and no trend is observed. Thus, the linear model is valid for this data. Table 3 shows summary results for VIF and p-value. All VIF values are less than 5. Thus, no multicollinearity is noticed in this model. The results of the sensitivity analysis that was conducted for the ROP model showed that the ROP is highly influenced by WOB. This can conclude that the ROP can be highly improved by increasing the WOB. In addition, RPM affects the ROP more than SPM. 
Model Verification and Use
The purpose of this work was to develop a more systematic approach to determining acceptable drilling parameters to mitigate mud losses in the Hartha formation. The models developed here combine to achieve this aim. The ROP can be predicted using equation 3, which is an input for equation 2 to estimate ECD. This ECD estimate is an input for the volume loss model, along with the estimated ROP and MW. These make it possible to estimate, before drilling operations in the Hartha formation, volume losses as a function of operational drilling parameters. Inversely this provides a tool to determine the operational drilling parameters for future operations by selecting an acceptable operational volume loss.
To examining the validity of these models, actual values for ROP, ECD, and resulting volume loss from field data were compared estimated values for each. Both partial and severe mud losses have been examined to assess validity across a large range of volume losses. Field data also included two types of the drilling fluid used in previous wells within the Hartha formation. Tables 4 and 5 However, the net result shows a strong correlation between predicted and actual volume losses for severe mud loss events. 
Comparison of Formation Specific Models
The methodology applied to the models developed for the Hartha formation have also been applied to two other limestone formations, the Dammam and Shuaiba [3] , which also pose great risk for lost circulation during drilling operations. Table 6 shows the average MW and depth for each formation as well as the first, second, and third coefficients (C1, C2, and C3) for the formation's corresponding volume loss model. 
Conclusion
This paper presents a comprehensive statistical study of more than 100 wells in the Rumaila field. This work includes the application of multilinear analysis to develop mathematical models to estimate volume losses, as well as the ECD and ROP associated with those losses. The resulting models vary from those previously developed through this methodology as shown by a comparison of three models developed for different formations. Based on this study, the following conclusions are made:
1. Based on reviewing drilling reports, it is possible to extract lost circulation event data and determine operational parameters and drilling mud parameters that can mitigate or aggravate mud losses while drilling through the Hartha formation.
2. The volume loss model, which was developed, is capable of predicting lost circulation events and volumes in the Hartha formation.
3. ECD, MW, and Yp have a much greater effect on the volume of mud losses than SPM, RPM, and ROP.
4. The ECD model was developed to estimate ECD within the Hartha formation without knowledge of all operational drilling parameters. This model can then be used to estimate the ECD, which is required as in input to the volume loss model.
5.
The ROP developed here may be used to estimate the ROP within the Hartha formation without knowledge of all operational drilling parameters. This model is required to estimate the ROP prior to drilling, to be used and in input to the ECD and subsequent volume loss model.
6.
The parameters impacting volume loss, ECD, and ROP were examined to determine those which impact each the greatest. Those parameters were the basis for each model, and the Variance Inflation Factor (VIF) test was used to test for the multicollinearity phenomena in each model to maximize the accuracy, and improve each mathematical model.
7.
One challenge in drilling wells in the Rumaila field is the inconsistency of approaches to the lost circulation problem. Hence, a formalized methodology for responding to losses in the Rumaila field provides a means of assisting drilling personnel in the mitigation of mud losses in a systematic way.
8.
Comparison of three volume loss, ECD, and ROP models shows strong trends for the coefficients in these models with respect to depth. This suggests the possibility of combining field data and models from multiple formations to develop a non-formation specific model for volume losses.
